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Introduction

In the simple isoscalar model the
standard-like Higgs potential is

1 1
Up) = = 51*¢" + Ao’

The thermal Higgs boson mass:
2

T
mi = f,uz + )\I'

Two solutions 5 )
T
- d 3(T) = p_ L

v(0) =0 and v (T) 3 i

)

demonstrate the second order phase
transition at the critical temperature

2p
T. = — =2v(0),
N S
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Introduction

Temperature loop corrections from # and other scalar states could be large
and lead to the first order phase transition. The intensity depends on

_ u(T)
'g - Tc )
where v(T.) = \/v?(T¢) + v3(T.) is the vacuum expectation value at the

critical temperature Te.
The electroweak baryogenesis could be explained if

— the case of strong first order phase transition.
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Introduction

In a number of analyzes the MSSM finite-temperature effective potential is
taken in the representation

Veff (117 T) = VO(U17U27 0) + V1(m(11), O) +W (T) + VM”Q (T)7 (1)

> V) is the tree-level MSSM two-doublet potential at the SUSY scale

> V) is the (non-temperature) one-loop resumed Coleman-Weinberg
term, dominated by f and b contributions

> Vi(T) is the one-loop temperature term

> Viing is the correction of re-summed leading infrared contribution
from multi-loop ring (or daisy) diagrams
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Effective potential of MSSM

In two-doublet model there are two identical SU(2) doublets of complex
scalar fields ®; and @,

+
q)_( ot (@) ) %_< 41 (@) )
#() #()

with nonzero vacuum expectation values

w-(1) - 5(0)

Neutral components of doublets
1

0(z) = %m b i), @) = T+ +iva)
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Effective potential of MSSM

The most general renormalizable hermitian SU(2) ® U(1) invariant
potential: [Akhmetzyanova E.N.; M.V.D, Dubinin M.N. Soft SUSY
Breaking and Explicit CP Violation in the THDM // CALC 2003 & SQS03
Proc.]

U(®y,P2) = *H%(‘I’J{‘Pl) - /Lg(@;q)z) - M%z(q)lq)Z)* H?z (q’;‘I’l)JF

A1

A
+3((1>1(1>1)2 + 32(‘1%‘1)2)2 + 23(2] 1) (D1D3) + A (D] D) (BID1)+

*

As
2

As

+7(¢I‘1’2)(‘I’1¢2)+ (PLD1)(PIP1) + A6 (D] P1)(@]P2)+

+ X6 (B]®1)(BLB1) + Ar(BLD2) (BT Do)+ Ar (BLD2)(@51)

with effective real parameters p3, u3, A1,...,As and complex parameters p2,,
A 5, A 6, A 7.
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Effective potential of MSSM

Supersymmetry boundary conditions

In the tree approximation on the energy scale Msysy, the parameters A\;_7
are real and are expressed using the coupling constants g1 and g2 of
electroweak group of the gauge symmetry SU(2) ® U(1) as follows:

(gg(MSUSY) + g%(MSUSY)) ,

-

M (Msusy) = A2(Msusy) =

Xs(Msusy) =+ (95 (Msusy) — gt (Msusy))

AN

1
A(Msusy) = — 593(MSUSY),

As(Msusy) = Ae(Msusy) = M(Msusy) = 0.
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Boundary conditions
On the scale of the superpartners Msysy

———————— my = Msysy————
The effective potential method,
the method of Feynman diagrams
& finite-temperature corrections

SUSY _ \SUSY __ g +95 SUSY _ 9% — gi

AN =T =R 3T = 2
8 4

2

AfUSY _ 7%2’ /\53Usy _ /\gUsy _ /\%‘?Usy —0.

The deviation from the parameters

A
0.6
y 04 +
A = ASUSY A, ]
02 +
Dolgopolov M., Dubinin M., Rykova E. Threshold 1
0.0
corrections to the MSSM finite-temperature Higgs ]
potential. Journal of Modern Physics. 2011. 02 ¢
PP.301-322 04 1
-0.6 11

Extensions of Higgs sector
1 2 3 4 5 6 7



Threshold corrections (example for Aj)

N = )\SUSY o A)\éh

2 2
h 4, 4 4 4 2, 2, 91 —39
AN =303 |l I lmg, mu] + 3R | Ap|* I2[mg, mp] + h|ul <—%11[mq>,mu

2 2 2, 12h7 — g7 — 343 2 ~
+2g7I1[my, mql) + hylAp|“( p I1[mg,mp| + (6hy — g1)I1[ma, m|qQ]

. f 2 9% 2 9%
- v —AN =(hb7?) (I(mQ)+I(mD))+El(mu)

mgmu
m? )

1

1 4 2 2 4 2 2 4
A)\log — 7738471'2 (11g7 — 36hy g7 + 9(g5 — 4hy g5 + 16hy))In(
t

e

where

— oo 1
Io[mi,ma] =302 _ o o (TR e R Bt T )

oo

T 1
s iT? % Lo VM2 (M 4024\ /MF )2
I2[My, M2] =

1 Zoo
256m0 T4 Sn=—00nE0 J2 n2) (M +n2)(\/ME 4024/ M +n2)3

I1[M1, M2] =
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Effective potential of MSSM

The supersymmetric scalar potential of interaction of Higgs bosons with the
third generation quark superpartners on the tree level has the form

VO =V +Vr+ W+ V5,

Var = () m el + M2 (Q1Q) + M2UT + M2DD,
Vr=T7 (4’3@) D+ry (i‘?iTUz@) G4 rP (@*@i) Dr— 1V (i@%gb;) U+,
Va = ad (ofe;) (of @) + (o]@,) [AZ (Q1Q) + ALT*T +ABD*D] +
+A 3 (fbl@ (@chj) + % [Aeij (i@’{og@j) D*U +h.c.] vivg ki l=1,2,

Vg denotes the terms of interaction of four scalar quarks.
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Effective potential of NMSSM

The most general Hermitian form of the renormalized SU(2) x U(1)
invariant potential for system of fields has the form:

U(®1,82,5) = — W3 (B]®1) — p3(@}02) — 135" — (ua(®]®2) + hec.)

A A
+5 (@191)° + T (9502)° + Xa(@]81)(@]82) + a (] 92) (101) +
As ot t X5 ot t
+7(¢1¢'2)(¢1¢2) + 7((1)2@1)((1’2(1’1) +

+26(D]®1) (I D2) + A7 (PLD2) (B[ Do) + h.c.
+k1 (P1D1)S™S + ko (®5D2)S*S + (ks (®1D2)S™ S + h.c.)ks(S*S)*+
s (D] D1)S + kg (BLD)S + kr (BT B2)S+ e (B181)S™ + ks S°.
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Parameters of Effective Potential of NMSSM

The supersymmetric scalar potential of interaction of Higgs bosons with the
third generation quark superpartners on the tree level has the form V =

|y (QeH W) + |ya(QeHa)|* + [yutin H — yadr Hy |* + lyad H] — yatip Hl |* -
Y (URTEANSHS + Trdi ASH] +c.c.) —ya(drdi ASHS + drdi \SH, +c.c.)+

+22 2 (AHIQP — 2(H}Ha)(Q'Q) + 4/HI QI — 2(H]H.)(Q'Q))+

% \

—+

oS,

L @'Q) — Zikiin + S+ L(HLHL) — LTy H)+

+(17;%yuAu(QVT€Hu) - CTR?—,/dAd(Q fHd) + C.C.)
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We study the evolution of Higgs
potential shape in the framework of
catastrophe theory for predicting
conditions for the stable minimum
existence, i.e. the true minimum, in
which our Universe is expected now

LM

We take the effective 2HDM
potential for MSSM and NMSSM
with additional Higgs singlet,
where the control parameters of
Supsrnimiiehic Shodod” Baficed Higgs potentials depend on the
temperature.
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Finite temperature corrections of squarks

In the early, high temperature stages of the Universe, the environment had
a non-negligible matter and radiation density, making the hypotheses of
conventional field theories impracticable. For that reason the methods of
conventional field theories are no longer in use, and should be replaced by
others, closer to thermodynamics, where the background state is a thermal
bath. This field has been called field theory at finite temperature and it is
extremely useful to study all phenomena which happened in the early
Universe: phase transitions, inflationary cosmology, ...

In the finite temperature field theory Feynman diagrams with boson
propagators, containing Matsubara frequencies w,, = 2mnT
(n=0,£1,4£2,...), lead to structures of the form

b

dk
i 7 5 [ @

n=-—o0 i=1

k is the three-dimensional momentum in a system with the temperature 7.
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At n # 0 the result is

132 P
I[ml,mg,...,mb]:2T(27rT)3_2b( V'r” (b — 3/2)

(2m)? I'(b)

where

S(Mb-3/2) = | {dn} > m

Extensions of Higgs sector
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N-point loop integrals at vanishing external momenta

We derive and collect the analytic forms of the relevant loop integrals for
reconstruction of the effective Higgs potential parameters in extended
models (MSSM, NMSSM etc.).

The smallness of external state masses in relation to the masses of loop
particles allows us to take the limit where external particles are massless.
These integrals are particularly easy to take using algebraic recursion
relations or residue method. But it is necessary to keep the external
momentum p,, general (i.e. nonzero) until it can be converted into an
external mass in the amplitude, after which point one may take accurate
limit p — 0, especially in case of equivalent internal masses in the loop.
The N-point loop integrals at vanishing external momenta are defined as:

1 2 2 2 4-d d’k ik**
z ) PRXER) = s 4
(471')2 No (ml mo mN) © / (QTI')d Hi\f (k2 _ m%) ( )

Numerical check of the zero temperature limiting case 7' — 0 in (2)
demonstrates that the results obtained using non-temperature field theory
are successfully reproduced. In the high-temperature limit zero mode gives
dominant contribution in agreement with known suppression of quantum
effects at increasing temperatures.
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Finite temperature corrections of squarks

We calculate the integral

Tolan,aa] = [ K 1 - e
T ] @rp (@ + )@+ ad)  dm(ar +a2)

taking a residue in the spherical coordinate system.
aiz are the sums of squared frequency and squared mass. Derivatives of Jo

with respect to a1 and a2 can be used for calculation of integrals

" a}_/ dk 1 B 1
181, %21 = (2m)3 (k2 +a?)2(k2 +a3) = 8mai(ar + az2)?’

Halow, ] _/ dk 1 B 1
AL ] 23 (k2 +a?)2(k? +a2)?  8raraz(ar +az)3’
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Parameters of Effective Potential of MSSM

AN = Oélfg[mQ,mU} + C§212[mQ, mD]—i—
+C§1 (C41[1 [WLQ, mU] + Cysly [7’)’LU7 mQ])+
+C32(Cazli[mq, mp] + Casli [mp, mq)).

AXg = Ci3Ia[mq, mu] + Cs4la[mq, mpl+
+C35(Casli[ma, mu] + Carli[mu, mg)+
+C§4(C4611 [mq, mp| + Casli[mp, mq]).

Az + M) = C31C3512[mq, mu] + C32C3i Ia[mq, mp)+
+(C35,Cus + C33C01) 1 [mq, my] + (C3,Car + C35Ca3) 1 [my, mg|+
+(C§2046 + 09?4042)[1 [mq, mp] + (C§QC4S + 03%4044)11 [mp, mg].

AXs = C3,Ci32[mq, mu] + C32C34I2[mq, mp).
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Parameters of Effective Potential of MSSM

T —hyU3A Cs:
@?*deR hqAq Csa
(pg*ﬂLﬁR hu Ay Cs3
©Y*drdr —hqus Csa
‘P?*SO%EQL % - gfi Can
sol didy | 4 — 2" 4 by | Ca
501 “pligin % Clus
<P1 “Pldpdr ha® — % Cua
902 “pYur i 91172 - % +h.? | Cus
802 “pYdyd ‘(]1172 + % Cas
‘Pz SDQURaR h* — % Car
¢3 @2deR % Cis
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Parameters of Effective Potential of MSSM

The one loop corrections to the parameters of effective potential

AN = hiyXvslalmo, mu] + hg AL [meo, mpl+

4 12

2 2
-I—hiA?l ((hi—%— %) Il[mQ,mD} (hd— 6) Il[mD,mQ]>

AXs = hy AL Ir[mq, mu] + haA*v3Ia[mg, mpl+

1
FhZAZ2 ((92 gl)Il[mQ,mU]+ 391]1[mU,mQ])

1
+h3Ai<<i]; %f)fl[mQme]+( —gyffl[muymcz])Jr

+R2AZy2 ﬁ 9 I ﬁj
advs | { 15 + 7 | lilme, mp] + “o-Iifmp, mq]
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Restrictions on the parameters of the MSSM

Parameters Values
I 100 + 2000(GeV)
At —1000 = 1000(GeV)
Msusy 500 +— 1000(G6V)
ma 100 = 500(GeV)
tan 8 3+50
[ 0-+27m
T 10 = 500 (GeV)

Extensions of Higgs sector
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Restrictions on the parameters of the MSSM

2000

2000

1500} 1500

H 3
8 [Y)
3
< 1000 2 1000

500 500

500 600 700 800 900 1000 500 600 700 800 900 1000
Msusv(GeV) Msisv(GeV)
a) tanf =5 b) tan 8 = 50

Contour plot in 4 — Msysy plane.
Selected region: 125 GeV <mj, <126 GeV (blue region).
Fixed parameters:

Agp = 1000 GeV, my+ = 300 GeV, ¢ = g
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Restrictions on the parameters of the MSSM

1000

500

0 W 125GeV < m, < 126GeV.

-500 /

-1000

Aip(GeV)

500 1000 1500 2000
H(GeV)

Contour plot in  — A p plane.
Selected region: 125 GeV <my,; <126 GeV (blue region).
Fixed parameters:

Msysy =500 GeV, my+ = 300 GeV, ¢ = %, tan = 5.
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Restrictions on the parameters of the MSSM

50
40
30
g
:
£
20
10

500 600 700 800 900 1000
Meusv(GeV)

Contour plot in Mgysy - tan 8 plane.

Selected region: 125 GeV <my,; <126 GeV (blue region).

Fixed parameters:

= 2000GeV, Ay p = 1000 GeV, my+ = 300 GeV, ¢ = g
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Restrictions on the parameters of the MSSM

350

30

25

g 20}
= W 125GeV < my, <126GeV
s

Contour plot in ¢ — tan S plane.
Selected region: 125 GeV <my,, <126 GeV (blue region).
Fixed parameters:

1= 2000GeV, Ay p = 1000 GeV, Msysy = 500 GeV, my+ = 300 GeV.

Extensions of Higgs sector

28



Restrictions on the parameters of the MSSM

301
251

201

W 125GeV < my, < 126GeV
15p

tan(B)

10t
sl
100 200 300 400 500
ma(GeV)
Contour plot in m4 — tanf plane.
Selected region: 125 GeV <mj, <126 GeV (blue region).
Fixed parameters:
u = 2000GeV, A, = 1000 GeV, Mgysy = 500 GeV, ¢ = %
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Restrictions on the parameters of the MSSM

48}

a7t

461

45}

tan(B)

44}

43F

W 40GeV < my, <50GeV

100 200 300 400 500
ma(GeV)

42t

Contour plot in m 4 — tanf plane.
Selected region: 40 GeV <mj,, <50 GeV (blue region).
Fixed parameters:

[t = 2000 GeV, A, = 1000 GeV, Msysy = 500 GeV, ¢ = T
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Restrictions on the parameters of the MSSM

48"

arr M 40GeV < m, <50GeV

46F

44t
43t

42, . . . . . .
0 1 2 3 4 5 6

Contour plot in ¢ — tanf plane.
Selected region: 40 GeV <myp,,; <50 GeV (blue region).
Fixed parameters:

©=2000 GeV, A, = 1000 GeV, Mgysy = 500 GeV, my+ = 300 GeV.
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Restrictions on the parameters of the MSSM

10007’_—/'7

5001

0 I 125GeV < m, < 126 GeV

Ap(GeV)

-500r

—

500 1000 1500 2000
H(GeV)

-1000¢

Contour plot in m4 — tanf plane.

Selected region: 125 GeV <my,, <126 GeV (green region).

Fixed parameters:

mg=500 GeV, m;=800 GeV, my=200 GeV,mg+ = 300 GeV, ¢ =
T =500 GeV.
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tan B =5,
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Restrictions on the parameters of the MSSM

16
"
12
g 10
=
s
8
6
4
0 1 2 3 4 5 6

Contour plot in ¢ — tan 8 plane.

Selected region: 125 GeV <my,, <126 GeV (green region).

Fixed parameters:

= 2000 GeV, A;; = 1000 GeV,mqp=500 GeV, m;=800 GeV, m;=200
GeV,m g+ = 300 GeV,T = 500 GeV.
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Restrictions on the parameters of the MSSM

30 30
—
25 25
20 20
] s

10 10
5 5|
100 200 300 400 500 100 200 300 400 500
ma(GeV) ma(GeV)
a)T = 10GeV b)T = 500GeV

Contour plot in ¢ — tan 3 plane.

Selected region: 40 GeV <mj,, <50 GeV (green region).

Fixed parameters:

= 2000 GeV, A, = 1000 GeV,mg=500 GeV, m;=800 GeV, m;=200
GeV,mpy+ = 300 GeV.
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Restrictions on the parameters

29
28 . -
27

26

tan(B)

M 40GeV < my, <50GeV

25

0 1 2 3 4 5 6

a)T = 10GeV
Contour plot in m 4 — tan 3 plane.

of the MSSM

21

20

W 40GeV <m,, <50GeV

b)T = 500GeV

Selected region: 40 GeV <myp,,; <50 GeV (green region).

Fixed parameters:

1= 2000 GeV, A; = 1000 GeV,mqg=500 GeV, m:=800 GeV, m;=200 GeV,

$=73.
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Restrictions on the parameters of the MSSM

wof———
500f ]
= i
&) L
S, 1
E i
~500( ]
~1000H . ‘ ‘ ]
500 1000 1500 2000
p(Gev)

Contour plots in p — Ay 3 plane.

Selected region: mp, =126 GeV (T = 0GeV - blue line; T # 0GeV - purple line ).

Fixed parameters:
mg=500 GeV, mt=800 GeV, my=200 GeV, my+ = 300 GeV, ¢ =

Extensions of Higgs sector
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Restrictions on the parameters of the MSSM

300 ‘ ‘ ‘ ‘ ‘ —
25 1
20 1

g

=)

E 15 ]
10 // ~N 1

[ |
‘L | ]
| |
5 o /
L L \ T L L \NL\ L

Contour plots in ¢ — tan 8 plane.

Selected region: mp, =126 GeV (T = 0GeV - blue line; T # 0GeV - purple line ).

Fixed parameters:
1= 2000 GeV, A;; = 1000 GeV,mg=500 GeV, m;=800 GeV, m;=200
GeV,mpy+ = 300 GeV.
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Nonlinear transformations (reccei-Quinn symmetry)

in first coordinate system

A
3 345 2 2 2
Aoy + v1vy — pivl — piavz =0
A
3 345 2
Agvy + ViU — H2U2 - H12’U1 =0

in new coordinate system

Us, 5y = 505 + 11505 (Morse lemma)
_ _ Azas _
T1(A175 + 52 —E2) =0
_ _ 345
T2 (AT + I-my=0

2_ 2
—2 _1(,2 2 2 242 1 29_1_1 |n1—p3l
=z + + — + 4Re ), cos“f=3—5——1 2
P12 =3 (#1 py £/ (0] — u3) Mo 272 /(13 —u3)2+4Repd,
2. U= Unm(01,02) + (F07 + [303) (Thom theorem)

Un v — simple sprout of catastrophe A4 or Ag
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1. Bifurcation sets

N Solutions Hessian H (0,1, vg) — Tocal minimum conditions
7 0 2 2 2 2
1 71 =0, Ty =0 -y 2 Bf+E3 <0, W] -E520
_ 22 4 23452
2 | wy =o, A3 -7 =0 AL+ =527 °, —73 + 93272 + $A345) > 0
0 2X073
(7 + §234573) X273 > 0
—2
2217 0
_ 9 177 —2 -2 1
3 Ty =0 X173 — =0 —713 + 77 (2A1 + Lt A345) >0
2 193 — B ( o w24 )\‘3241" w2 ) 2 1(2x1 + 52345
- 23y w2
(-3 + $234577)A17F > 0
_2 —
52 4 43552 _ 2 _ 22177 A3457172 =2 =2
4 Aq1v] + v5 —py =0, ot i) A1V + A2v3 >0
1 A2 2 1 A34571 702 22575
_2 o2 2 =22 2
o735 + “4355F — @5 =0 TIT5(4x1 A — A345) = 0
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* % x The NMSSM case (v1 # 0, v2 # 0, vz # 0):

ksvive v2 + v2
-2y 8k4v§ + 6kgvs — v3(kzvs + k:5)¥ + Alvf + )\211% > 0,
v3

1

_ <’U3 (ks’l}g + 2kjvivs + 2k3v2v3> <v1v2 (ks’l)l + 2k3zvivs + 2k21}2v3) X
V1V2V3

X (k3v§ + ksvg +viva (A3 + >\4)) — vy (k5v2 + 2kjvivz + 2k3v2v3) ( — kgvivs—
—ksvivs + /\21}3)) —v3 (ks'Ul + 2kzvivg + kavzvs) (v2 (k5v1 + 2kgzvivz+
2 3
+2k2v2v3) ( — k3vavy — ksvavs + )\1111) — v1v2 (k51}2 + 2k1vivs + 2k3v2v3) X
X (kg’l)g + ksvs + viva(As + )\4))> + (81@41}3 + Gkavg — k5v11)2) (( — kgvzvg—
—ksvavg + )\11}?)( - kgvlvg — ksvivg + )\2112) — vivg (ksvg + ksvz+

Fuiva(As + )\4))2)> > 0.
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Conclusion

» Our analysis of the effective MSSM and NMSSM finite-temperature
potentials is based on the diagram calculation of various one-loop
temperature corrections for the case of nonzero trilinear parameters
Ay, Ay and Higgs superfield parameter p.

» Quantum corrections are incorporated in control parameters
At,...7...(T) of the effective two-doublet (+singlet) potential, which is
then explicitly rewritten in terms of Higgs boson mass eigenstates.

» Types bifurcation sets for the two-Higgs-doublet(+singlet) potential
Uess(v1,v2) are determined.

» Bifurcation sets for Higgs potential in the case of Peccei-Quinn
symmetry are obtained. These sets always describe the system at the
local minimum (critical morse point).

» Constrains on MSSM and NMSSM allowed parameter space are
evaluated
at the presence of the effective potential local minimum.

» Higgs prepotential as canonical morse form and non-morse term
(catastrophe function at critical temperature) are reconstructed.
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